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[1] The column-integrated optical properties of aerosol in the central eastern region of
Asia and midtropical Pacific were investigated based on Sun/sky radiometer
measurements made at Aerosol Robotic Network (AERONET) sites in these regions.
Characterization of aerosol properties in the Asian region is important due to the rapid
growth of both population and economic activity, with associated increases in fossil fuel
combustion, and the possible regional and global climatic impacts of related aerosol
emissions. Multiyear monitoring over the complete annual cycle at sites in China,
Mongolia, South Korea, and Japan suggest spring and/or summer maximum in aerosol
optical depth (ta) and a winter minimum; however, more monitoring is needed to establish
accurate climatologies. The annual cycle of Angstrom wavelength exponent (a) showed a
springtime minimum associated with dust storm activity; however, the monthly mean
a440–870 was >0.8 even for the peak dust season at eastern Asian sites suggesting that fine
mode pollution aerosol emitted from population centers in eastern Asia dominates the
monthly aerosol optical influence even in spring as pollution aerosol mixes with coarse
mode dust originating in western source regions. Aerosol optical depth peaks in spring in
the tropical mid-Pacific Ocean associated with seasonal shifts in atmospheric transport
from Asia, and �35% of the springtime ta500 enhancement occurs at altitudes above
3.4 km. For predominately fine mode aerosol pollution cases, the average midvisible
(�550 nm) single scattering albedo (w0) at two continental urban sites in China averaged
�0.89, while it was significantly higher, �0.93, at two relatively rural coastal sites in
South Korea and Japan. Differences in fine mode absorption between these regions may
result from a combination of factors including aerosol aging during transport, relative
humidity differences, sea salt at coastal sites, and fuel type and combustion differences in
the two regions. For cases where ta was predominately coarse mode dust aerosol in the
spring of 2001, the absorption was greater in eastern Asia compared to the source regions,
with w0 at Dunhuang, China (near to the major Taklamakan dust source), �0.04 higher
than at Beijing at all wavelengths, and Anmyon, South Korea, showing an intermediate
level of absorption. Possible reasons for differences in dust absorption magnitude include
interactions between dust and fine mode pollution aerosol and also variability of dust
optical properties from different source regions in China and Mongolia.

Citation: Eck, T. F., et al. (2005), Columnar aerosol optical properties at AERONET sites in central eastern Asia and aerosol

transport to the tropical mid-Pacific, J. Geophys. Res., 110, D06202, doi:10.1029/2004JD005274.

1. Introduction

[2] Atmospheric aerosol concentrations and their optical
properties are one of the largest sources of uncertainty in
current assessments and predictions of global climatic

change [Intergovernmental Panel on Climate Change
(IPCC), 2001; Hansen et al., 2000]. Aerosol interactions
result in both direct radiative forcing and indirect effects on
clouds (droplet properties, cloud dynamics and lifetimes).
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Direct radiative forcings from aerosols are primarily a
function of aerosol concentration in the total atmospheric
column (aerosol optical depth), particle size distributions,
and aerosol absorption properties. Satellite remote sensing
techniques are beginning to provide more detailed informa-
tion on the global distribution and dynamics of aerosol
optical depth and also an estimate of the relative magnitude
of fine mode versus coarse mode particles [Kaufman et al.,
2002; King et al., 1999]. As most fine mode particles are
anthropogenic in origin (primarily from fossil fuel combus-
tion and agricultural biomass burning) and most coarse
mode particles originate from natural sources (sea salt,
airborne desert dust), this breakdown provides some mea-
sure of the anthropogenic contribution to the total aerosol
burden. Exceptions to this simple categorization exist how-
ever as, for example, some natural aeolian desert dust is fine
mode size and some fossil fuel combustion aerosols are
coarse mode size, such as fly ash from coal combustion.
[3] However, satellite data does not provide complete

characterization of aerosol optical properties, and informa-
tion on aerosol absorption in particular is very difficult to
derive from satellite remote sensing. Accurate knowledge of
aerosol absorption magnitude is required for the assessment
of both direct radiative forcing at the top of the atmosphere
and at the Earth’s surface [Satheesh and Ramanathan,
2000]. Additionally aerosol absorption information is crit-
ical in investigating the aerosol semidirect effect [Hansen et
al., 1997] whereby absorbing aerosols modify the surface
and aerosol layer heating rates and therefore change the
stability of the atmosphere and potentially alter the forma-
tion (or lifetime) of convective cumulus clouds [Koren et
al., 2004; Ackerman et al., 2000]. On an even larger
regional scale, simulations by Menon et al. [2002] suggest
that absorbing aerosols in China may be responsible in part
for the trend of increasing drought in northern China and
increasing floods in southern China in recent decades. They
suggest that the large-scale circulation and therefore hydro-
logical cycle may be modified by the aerosol absorption that
affects stability and vertical air motion. However, their
study assumed highly absorbing aerosols in China, although
very limited data on absorption are available in this region,
and therefore the magnitude of the actual absorption is
uncertain.
[4] Due to combined influences of arid dust production

regions, large regional populations, and increasing fossil
fuel usage, the East Asian region often experiences very
high concentrations of tropospheric aerosols. This aerosol
burden may increase in the future as both population and
economic activity (and associated increases in fossil fuel
usage) continue to grow. Estimates by Wolf and Hidy [1997]
suggest that total particulate mass produced by China may
increase by a factor of two to four (for a range of low to
high fossil fuel energy consumption scenarios) over 1990
levels by the year 2040. In addition to the affects that these
aerosols may have on regional climate forcings, possible
reductions in crop productivity [Chameides et al., 1999] and
the health effects of aerosols on inhabitants of the region
(and of megacities such as Beijing in particular) are also
major issues of concern.
[5] The Asian Pacific Regional Aerosol Characterization

Experiment (ACE-Asia) field campaign was conducted
primarily in South Korea, Japan, China, and adjacent

oceanic regions from late March through May 2001 to
characterize the complex aerosol mixtures (pollution and
dust) that occur there [Huebert et al., 2003]. Spring is the
peak dust production time of year, with the spring (March–
May) of 2001 being a season of unusually heavy dust
concentrations. The Aerosol Robotic Network (AERONET)
site observations for this same region, presented in this
investigation, cover the entire yearly cycle (including spring
2001 at some sites), therefore placing the aerosol character-
istics and concentrations of the spring season in perspective
within the annual cycle. One of the aerosol parameters that
AERONET measurements and analysis provide is an esti-
mate of column integrated aerosol absorption as parameter-
ized by the spectral single scattering albedo (w0). Nakajima
et al. [2003] emphasized that for the east China Sea region
the springtime aerosol direct radiative forcing was highly
dependent on the single scattering albedo, resulting in
forcing differences of �40% due to differing estimates of
w0 obtained from measurements and models. In addition to
data from AERONET sites in China, Mongolia, Korea, and
Japan, we also analyze data from three sites in the Hawaiian
Islands in this study, in order to investigate the long-range
transport of aerosols in spring to the tropical mid-Pacific.

2. Study Region, Instrumentation, and
Methodology

2.1. Region of Study

[6] Maps showing the locations of the AERONET
Sun-sky radiometers utilized in this study are shown in
Figures 1a and 1b. We present results from multiyear
monitoring at four Asian sites: Dalanzadgad, Mongolia;
Beijing, China; Anmyon Island, South Korea; and Shira-
hama, Japan. In addition, data from 2001 for �2 months
from Dunhuang, China and for �7 months in 2002 from
Yulin, China are also analyzed. Data from XiangHe, China
for �1 month are also presented, however this site is not
shown on the Figure 1a map since it is very close to Beijing,
only �80 km to the east-southeast. These sites span a wide
range of environments ranging from arid continental loca-
tions in China and Mongolia to a coastal Pacific Ocean
location in Japan. In addition to these Asian sites, we also
analyze data from three sites in the Hawaiian Island chain to
investigate the spring season transport of aerosols from Asia
to the tropical and subtropical mid-Pacific. Results of
multiyear monitoring at Mauna Loa Observatory at 3.4 km
altitude on the island of Hawaii and from Lanai at a location
near sea level are shown. Additionally data for �1 year,
2001, are given for Midway Island at near sea level, in the far
Northwest Hawaiian islands. Notably, three of the sites
studied in this paper, Anmyon Island, Mauna Loa Observa-
tory, and Midway have been proposed as monitoring sites for
the Atmospheric BrownCloud (ABC) network [Ramanathan
and Crutzen, 2003]. Goals of the ABC project in the Asian
and Pacific region include the characterization of aerosol
sources and species, aerosol-cloud interactions, and the effect
of aerosols on the radiation budget in the region.

2.2. Instrumentation

[7] All of the CIMEL Electronique CE-318 Sun-sky
radiometer measurements reported in this paper were made
with instruments that are a part of the AERONET global
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network. These instruments are described in detail in
Holben et al. [1998]; however, a brief description will be
given here. The automatic tracking Sun and sky scanning
radiometers made direct Sun measurements with a 1.2� full
field of view every 15 min at 340, 380, 440, 500, 675, 870,
940, and 1020 nm (nominal wavelengths). However, for
both Yulin and Beijing (2002 and 2003 only) the polarized
version of the CIMEL made measurements at 440, 675,
870, 940, and 1020 nm, in addition to three polarized
channels at 870 nm (not analyzed in this study). The direct
Sun measurements take �8 seconds to scan all 8 wave-
lengths, with a motor driven filter wheel positioning each
filter in front of the detector. These solar extinction mea-
surements are then used to compute aerosol optical depth at
each wavelength except for the 940 nm channel, which is
used to retrieve total precipitable water in centimeters. The
filters utilized in these instruments were ion assisted depo-

sition interference filters with band pass (full width at half
maximum) of 10 nm except for the 340 nm channel at 2 nm
and the 380 nm filter at 4 nm. Calibration of field instru-
ments was performed by a transfer of calibration from
reference instruments which were calibrated by the Langley
plot technique at Mauna Loa Observatory (MLO), Hawaii.
The intercalibration of field instruments was performed both
predeployment and postdeployment at Goddard Space
Flight Center (GSFC), and a linear change in calibration
with time was assumed in the interpolation between the two
calibrations. The combined effects of uncertainties in cali-
bration, atmospheric pressure (not monitored), and total
ozone amount (climatology is used) result in a total uncer-
tainty of �0.010–0.021 in computed ta for field instru-
ments (which is spectrally dependent with the higher errors
in the UV [Eck et al., 1999]). Schmid et al. [1999] compared
ta values derived from 4 different solar radiometers (one

Figure 1. (a) Map of the Asian region studied with the location of AERONET sites that were monitored
for differing time intervals during the 1999–2003 time period. (b) Map of the Pacific Ocean region
showing the three Hawaiian Island sites analyzed in this study.
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was an AERONET Sun-sky radiometer) operating simulta-
neously together in a field experiment and found that the ta
values from 380 to 1020 nm agreed to within 0.015 (rms),
which is similar to our estimated level of uncertainty in ta
retrieval for field instruments. The spectral aerosol optical
depth data have been screened for clouds, following the
methodology of Smirnov et al. [2000], which relies on the
greater temporal variance of cloud optical depth versus
aerosol optical depth. The sky radiances measured by the
Sun/sky radiometers are calibrated versus the 2-meter inte-
grating sphere at the NASA Goddard Space Flight Center,
to an absolute accuracy of �5% or less.

2.3. Analysis Methodology

[8] The CIMEL sky radiance almucantar measurements
at 440, 675, 870, and 1020 nm (nominal wavelengths) in
conjunction with the direct Sun measured ta at these same
wavelengths were used to retrieve aerosol size distributions
following the methodology of Dubovik and King [2000].
Almucantar sky radiance measurements were made at
optical air masses of 4, 3, and 2 in the morning and
afternoon, and once per hour in between. Only almucantar
scans at solar zenith angles greater than 45 degrees are
analyzed and presented here, in order to insure sky radiance
data over a wide range of scattering angles. Spheroid
particle shape was assumed in the retrievals since coarse
mode aerosol was often present in the aerosol mixtures
especially in spring, which is the peak season of strong
desert dust events. Use of the spheroid particle shape
assumption with a fixed aspect ratio distribution [Dubovik
et al., 2002b] minimized artifacts in size distribution
retrievals that result from nonspherical particle scattering.
Further discussion of the spheroid shape assumption retriev-
als and comparisons of both size distribution and single
scattering albedo retrievals made with spherical versus
spheroid shape assumptions are given in sections 3.2 and
3.3. In order to eliminate cloud contamination from the
almucantar directional sky radiance data we require the
radiances to be symmetrical on both sides of the Sun at
equal scattering angles. We eliminated scattering angle
radiance pairs that are not symmetrical and required that a
minimum of 21 angles remain out of a maximum total of
27 angles. Sensitivity studies performed by Dubovik et al.
[2000] were used to analyze the perturbations of the
inversion resulting from random errors, possible instrument
offsets and known uncertainties in the atmospheric radiation
model. Retrieval tests using known size distributions dem-
onstrated successful retrievals of mode radii and the relative
magnitude of modes for various types of size distributions
such as bimodal accumulation mode dominated aerosols
and bimodal coarse mode dominated aerosols. Simulta-
neous retrievals of aerosol single scattering albedo are also
made with this algorithm and the sensitivity analysis shows
that these retrievals have an uncertainty of �0.03 for both
desert dust and biomass burning aerosols when ta440 � 0.5
[Dubovik et al., 2000].

3. Column Integrated Aerosol Optical Properties

[9] The radiation fields that the Sun/sky radiometers
measure of the spectral and directional sky radiances and
the direct Sun optical depth are determined by the aerosol

size distributions and complex refractive indices of the
entire atmospheric column. Therefore the retrieval by
AERONET of aerosol parameters such as the single scat-
tering albedo, size distribution, and refractive indices are the
radiatively effective column integrated values of these
parameters. As a result, these remotely sensed parameters
may differ from in situ measurements made at the surface or
at various altitudes by aircraft-based instruments. Measure-
ments made by airborne Sun photometers during ACE-Asia
[Schmid et al., 2003; Redemann et al., 2003] in spring of
2001 in the vicinity Japan and South Korea show that not
only were the aerosols often stratified in distinct horizontal
layers but these layers were at times composed of different
aerosol types and size distributions, with high altitude dust
layers (up to 10 km altitude) sometimes overlying pollution
aerosol in the boundary layer. Seinfeld et al. [2004] synthe-
size other measurements of aerosol vertical distributions
made from lidar and aircraft in situ sampling during ACE-
Asia and modeled vertical distributions. These varied ver-
tical profiles and mixing of aerosol types lead to both
complex radiative effects and complex chemical interac-
tions from mineral dust and pollution interaction.
[10] Nevertheless, the remotely sensed column-integrated

aerosol parameters retrieved from AERONET measure-
ments provide valuable information on the aerosol column
effects on radiative forcing that is important in assessing
aerosol influence on regional climate [Conant et al., 2003]
and for application to retrieval of aerosol from satellite
radiance measurements [Kaufman et al., 2002].

3.1. Aerosol Optical Depth

[11] A comparison of monthly mean aerosol optical depth
(ta) at 500 nm for the five principal Asian sites of this study
is shown in Figure 2a. The measurements are not coincident
for the same time periods since for one site less than a single
year of data exits (e.g., Yulin, China in 2002) while other
sites have a multiyear average record (e.g., Dalanzadgad,
Mongolia 1997–2003 and Shirahama, Japan 2001–2004).
Nevertheless, this comparison shows the general magnitude
and in some cases (where multiyear data are available) the
seasonality of ta500. Multiyear averages are necessary in
order to characterize a truly representative climatological
seasonal cycle. For example, the large ta500 jump at
Anmyon in June seems unlikely to be a typical annual
feature, especially since there is only one year of data
(2001) for this month while most other months for Anmyon
are averages of 2 to 3 years (except July and August which
are also only 2001 data). Figure 2a shows large regional
differences in aerosol concentration are evident, with the
highest ta500 in the city of Beijing (�2 years of data), with
monthly means ranging from �0.40 to 1.10. At the other
extreme, the ta500 at Dalanzadgad in the Gobi desert of
southern Mongolia remains relatively low all year with a
monthly maximum of 0.20 in May and minimum of �0.05
to 0.06 (clean background levels) in December and January.
However, Kim et al. [2004] measured ta500 by Sun
photometer at Mandalgovi, Mongolia (�275 km to the
north-northeast of Dalanzadgad) to be much higher, with a
long-term yearly mean of �0.40 compared to a yearly
mean of 0.12 at Dalanzadgad. This very large difference in
ta500 over a relatively small distance suggests possible
strong local aerosol sources within Mongolia (both sites
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have small populations of �14,000 each), and the reasons
for this difference should be investigated. The other
three AERONET sites in Figure 2a (Anmyon, Yulin, and
Shirahama) all show moderate to large enhancements in
ta500 well above the background aerosol level in nearly all
months. Interestingly, the peak monthly mean ta500 occurs
in June at three sites, Beijing, Anmyon, and Shirahama;
however, additional monitoring is necessary to establish if
this is a persistent feature in the annual cycle of the region.
It is noted that biomass burning aerosols (often at very
high optical depth), from extensive forest fires in the Lake
Baikal region of Siberia, were observed at the Beijing and
Dalanzadgad sites in the spring and early summer of 2003.
Aoki and Fujiyoshi [2003] present multiyear seasonal

means of ta500 from sky radiometer measurements at four
stations in Japan at midlatitudes (ranging from 36� to 43�N).
They found maximum seasonal mean ta500 in spring at all
four sites, summer showing the second highest values, and
lowest seasonal means in winter for two stations and in fall
for the other two stations. The overall seasonal minimum
ta500 for all four stations was 0.18 in winter and the
maximum was 0.44 in spring.
[12] It is interesting that the seasonal cycle of column

total aerosol optical depth that we have measured by Sun
photometry at these AERONET sites differs from the
seasonal variation of aerosol concentrations observed by
ground based in situ sampling of aerosol in the region. For
example, Chen et al. [1997] measured the chemical com-
position of aerosols in Cheju Island, South Korea (a rural
site) from daily samples over a 3-year period and found the
highest concentrations of sea salt in winter, most other
species peaking in spring and a pronounced minimum for
all species in summer. In the megacity of Seoul, South
Korea, Lee et al. [1999] measured total particulate matter
with diameter less than 2.5 mm (PM2.5) near ground level
and found maximum concentrations in winter and minimum
in summer, with data collected on 12–15 days per season.
Possible reasons for seasonal differences between total
column optical depth and surface concentrations in this
region include seasonal variation of the aerosol altitudinal
profile, seasonal variation in atmospheric relative humidity
vertical profiles, and seasonal variability of rainfall and
cloud cover. The boundary layer (which is often the
dominant aerosol layer) is likely deeper in summer, due to
stronger convective mixing resulting from stronger solar
heating, possibly resulting in lower surface concentrations
and yet greater column loadings. Additionally, both total
column integrated water vapor and surface relative humidity
(RH) are maximum in summer and minimum in winter. This
results in greater hygroscopic aerosol growth in summer at
higher relative humidity and may affect optical extinction
greater than surface mass concentrations, especially if the
RH and hygroscopic growth is greater for layers above the
surface. Also, since Sun photometer measurements can be
made only for meteorological conditions that result in low
cloud cover or where the Sun is visible in cloud gaps, these
measurements are naturally biased towards atmospheric
high-pressure systems. Therefore there are relatively few
measurements taken during cloudy and rainy periods, and in
this region the summer months experience the maximum
rainfall and cloud cover. It is likely that ground level in situ
sampling done on rainy days would record lower aerosol
concentrations due to washout and wet deposition of aero-
sols and that this may result in lower seasonal mean
concentrations during months of higher rainfall. It would
be valuable to study the relationships between daily and
seasonal total column aerosol optical depth and surface
concentrations at a site with both of these measurement
types in addition to lidar (for aerosol profiles) and relative
humidity soundings; however, this is beyond the scope of
this investigation.
[13] Aerosol optical depth at 750 nm, for several sites in

China, has been estimated by Qiu [2003] from broadband
direct solar radiation data measured by pyrheliometers
(spectral range 300 to 4000 nm). For Beijing, the eight-
year long-term (1993–2000) mean ta at 750 nm is 0.512 as

Figure 2. (a) Monthly means of ta500 for the five principal
Asian sites analyzed in this study. Note that time intervals
differ for each site, with one site (Dalanzadgad) having
�6 years of data, while another site (Yulin) only has data
from one year, 2002. (b) Monthly average Angstrom
wavelength exponents (computed from linear regression of
ln ta versus ln l with 440, 500, 675, and 870 nm data;
a440–870) for the same data as shown in Figure 2a.
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estimated from hourly pyrheliometer data [Qiu, 2003].
Estimated yearly mean ta at 500 nm from this data is
0.77, as computed from the Angstrom exponent equal to
1.0, the value that is assumed in the pyrheliometer retriev-
als. This result is exactly equal to the 2-year mean of ta500 at
Beijing from the AERONET Sun photometer data for
2002–2003. Although the years differ, thus not a direct
comparison, and the yearly mean Angstrom exponent from
AERONET is 1.17 for Beijing (not 1.0 as assumed), this
agreement suggests that the algorithm of Qiu [2003] pro-
vides reasonable estimates of ta from the pyrheliometer
instrument network. Xia et al. [2005] compared hourly
average ta750 from Beijing pyrheliometer data processed
by the method of Qiu [2003] to AERONET estimates at
750 nm for the Beijing region (sites �50 km apart) in April
2001. They found good agreement, with high correlation
(r = 0.93) and mean ta750 of 0.42 from AERONET and 0.45
from the pyrheliometer data for April 2001. Monthly mean
ta750 at Beijing for one year (1995) from pyrheliometer
retrievals [Qiu, 2003] show a maximum value in July with
June and April being the next highest, while the lowest
monthly means occurred in December and January. This
annual trend in monthly mean ta at Beijing is similar to that
measured at the AERONET site in 2002–2003 (Figure 2a),
therefore providing further evidence for a summer maxi-
mum and winter minimum at this site.
[14] The monthly mean Angstrom exponents (a) for the

five principal sites are shown in Figure 2b, corresponding to
the same observations as the ta500 data shown in Figure 2a.
These a values are computed from linear regression of ln ta
versus ln l with data from 440, 500, 675, and 870 nm
(except for Beijing and Yulin where the polarized version of
the Cimel Sun/sky radiometer does not include the 500 nm
channel). A common feature at all sites is the local mini-
mum in spring (March through May) due to the influence of
coarse mode desert dust aerosols in this season [Takemura
et al., 2003]. The seasonality of a440–870 is particularly
pronounced in Dalanzadgad which is located in an arid
region where dust is generated in the spring, but not in large
concentrations. However, the minimum value of a at
Dalanzadgad is 0.82 in April, which suggests that even
during the peak desert dust month the fine mode aerosol
component make a significant contribution to the total
optical depth. The a values in Yulin in 2002 were lower
than all the other sites in most months, since Yulin is located
in an arid environment which is immediately to the east of
more active dust production regions. Therefore coarse mode
desert dust is a more persistent feature at this site, with dust
clearly dominating the ta in March and April (a = 0.39).
This compares with a mean a450–700 value of 0.53 (±0.45)
measured at ground level near Yulin in April 2002 by a
3 wavelength integrating nephelometer as reported in Alfaro
et al. [2003]. The ground-based nephelometer measured
a is higher than that given by the Sun photometer since
dust is often present above a ground-level pollution or
mixed aerosol layer.
[15] The average Angstrom exponents in all months do

not exceed �1.5 for any of the sites except for Dalan-
zadgad. These a values of �1.0 to 1.5 for Anmyon, Beijing,
and Shirahama imply that aerosol mixtures of both coarse
and fine mode particles predominate in this region and also
reflect the occurrence of large size accumulation mode

particles that may result from fine particle coagulation at
high concentrations and from hygroscopic growth (see
section 3.2). For comparison, regions that are dominated
by fine mode pollution only (from fossil fuel combustion
and industrial activity) such as the U.S. mid-Atlantic region
AERONET site at GSFC (in Greenbelt, Maryland) show
monthly mean a for most months >1.7 [Holben et al.,
2001]. Similarly, biomass burning in Brazil and southern
African sites also show monthly mean a > 1.7 in burning
season months. Anderson et al. [2003] observed during the
ACE-Asia experiment, from in situ aircraft sampling near
South Korea and Japan, that the pollution aerosol sampled
always appeared to have a significant coarse mode present,
suggesting that the coarse mode is co-emitted with the fine
mode pollution particles. These observations in general are
consistent with our AERONET measurements in Beijing,
Anmyon, and Shirahama. The only site of our 5 Asian
AERONET sites presented here that has significantly higher
a than 1.5 is Dalanzadgad, and these high values occur
during the months of September through January when
monthly average ta500 is low, ranging from 0.05 to 0.12.
These high a values that occur in fall and winter in
Mongolia may possibly result from the combined influences
of local coal burning for cooking and heating, pollution
transport from cities and oil field gas flaring in Siberia to the
north and northwest, and also possibly from pollution
advected from Europe.
[16] Except for Yulin, the lowest monthly mean a at the

other 4 sites are >0.80 which suggests that even though
coarse mode aerosols are typically present in this region, it
is the fine mode submicron radius particles that dominate
the optical depth in all seasons (further discussion in section
3.2). Sun photometer measurements made at two sites on
Honshu Island, Japan in March and April 2002 [Tsutsumi et
al., 2004] yielded two-month average Angstrom exponents
of 0.99 and 0.94, which is consistent with the a values
measured at the AERONET sites in Korea and Japan during
spring months (Figure 2b.). Additionally, Aoki and
Fujiyoshi [2003] show March through May mean Angstrom
exponents ranging from 0.99 to 1.09 for four sites in Japan
(three on Honshu and one on Hokkaido Island), from
multiyear sky radiometer measurements. Therefore the data
suggest that the anthropogenic fine mode pollution gener-
ated in the population centers in eastern Asia tend to more
strongly influence the optical depth even in spring months
when large desert dust events occur, since the dust mixes
with pollution as it moves eastward and since there are more
pollution events than dust events.
[17] Extremely large day-to-day variability in daily mean

ta500 and a at Beijing was observed in all seasons
(Figures 3a and 3b). Large day-to-day variation of this
magnitude is driven by a combination of many meteoro-
logical factors including air parcel trajectory, level of
stagnation, temperature inversions, and dust storms associ-
ated with high winds. Very high optical depths (>1.0) occur
during any time of the year, differing from most other
AERONET sites that experience high ta but which exhibit
a particular season with high ta500 occurrences (e.g., bio-
mass burning regions of Brazil and southern Africa; pollu-
tion in the mid-Atlantic United States [Holben et al., 2001]).
Large daily variations in Angstrom exponent also suggest
significant daily variations in particle size distributions
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ranging from almost pure coarse mode dust events (a < 0.3)
to fine mode dominated events (a > 1.1) and many days of
mixed aerosol size and type. The months of March through
May in 2001 showed many days with low a that resulted
from a strong influence of coarse mode desert dust aerosol.
[18] From March 20 through April 17, 2001, two AERO-

NET Sun/sky radiometer sites were operated in the Beijing
region. The permanent Beijing AERONET site is located in
the center of the city, while the temporary XiangHe site was
located �80 km distant to the east-southeast in a rural area.
Figures 4a and 4b show the very high correlation (r) and
relatively small root mean square (rms) differences between
both the daily average ta500 (r = 0.99; rms = 0.10) and a (r =
0.97; rms = 0.09) at these sites during this time period. The
mean ta500 over this 29-day interval was 0.72 at Beijing and

0.69 at XiangHe, while the mean a was 0.79 at Beijing and
0.78 at XiangHe. This suggests that the ta500 measured at
the Beijing AERONET site in spring is representative of
more than just the city itself but also of the area at least
�100 km in the predominant downwind direction of the
city. However, this spatial relationship may differ for other
seasons of the year.
[19] More than two years of instantaneous measurements

(8828 observations) of a440–870 for the Amnyon, South
Korea site are shown in Figure 5 as a function of ta500. A
very wide range of a, from �0.3 to �2.0, was measured for
low ta500 (<0.2), suggesting a range of aerosol types from
pure fine mode particles to predominantly coarse mode
desert dust. A clear trend in the upper limit of a is evident,
however, with maximum a decreasing steadily as ta500
increases, for example all a440–870 are <1.3 for ta500 >
1.5. Two factors are responsible for this trend in a with

Figure 3. (a) Daily average values of ta500 at Beijing,
China, for portions of three years, 2001–2003, showing
extremely large day-to-day variability. (b) Daily average
Angstrom wavelength exponents (a440–870) for the same
data as shown in Figure 3a.

Figure 4. (a) Daily average values of ta500 at Beijing and
at XiangHe (�80 km to the east-southeast of Beijing) for
29 days in March–April 2001. (b) Daily average Angstrom
wavelength exponents (a440–870) for the same data as
shown in Figure 4a.
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increasing ta500. The first factor is that for some cases there
are mixtures of both fine and coarse mode optical depths
(from pollution and dust) resulting in decreasing a as the
dust contribution increases. However, more importantly, an
increase in fine mode particle radius as ta500 increases
results from particle growth due to coagulation and also
from hygroscopic swelling of particle size. Coagulation
rates increase as particle concentration increases [Reid et
al., 1998]; therefore this particle growth mechanism will be
greatest at the highest ta500. Hygroscopic growth at high
relative humidity (this is a coastal site downwind of the
Yellow Sea) will also tend to increase ta as accumulation
mode particles increase in size. This shift in particle size is
discussed in detail for the Anmyon site from analysis of
almucantar retrievals in section 3.2. Simiarly, relatively low
a values (<1.2) at high ta have been observed for accumu-
lation mode dominated biomass burning aerosol cases for
aged smoke [Eck et al., 2003a].
[20] In order to characterize the departure from linearity

of the ln ta versus ln l relationship (Angstrom exponent),
we utilize the parameter a0 defined by Eck et al. [1999] as
the derivative of a with respect to ln l. The parameter a0 is
a measure of the rate of change of the Angstrom exponent
with the logarithm of wavelength. Figure 6 shows the
instantaneous values of a0 over more than 2 years at
Anmyon, South Korea, for the same observations shown
in Figure 5. When a0 is equal to zero there is no curvature in
the ln ta versus ln l relationship and therefore the Angstrom
expression fits the data best. Coarse mode dominated desert
dust cases typically show a0 values near zero or slightly
negative [Eck et al., 1999; O’Neill et al., 2001]. Negative a0

results when the UV to midvisible a (380 to 500 nm) is
larger than the visible to near-infrared a. This occurs as a
result of bimodal size distributions at relatively low optical
depths with fine mode particles dominating the wavelength
dependence of ta at short wavelengths and coarse mode
particles dominating the wavelength dependence at longer

wavelengths [O’Neill et al., 2001]. Positive a0 values
typically occur in predominately fine mode bimodal size
distributions with the value of a0 increasing as the fine
mode increasingly dominates over the coarse and as the fine
mode particles increase in size [Eck et al., 1999; Reid et al.,
1999; Eck et al., 2001].
[21] Studies have well established that both desert dust and

pollution from Asia are transported over 6000 to 8000 km to
the tropical mid-Pacific in spring [Husar et al., 1997;
Prospero et al., 2003; Perry et al., 1999]. In January 2001
the AERONET project established a monitoring site in one
of the northernmost islands in the Hawaiian chain, Midway
Atoll, in part to measure the transport of Asian aerosols to
mid-Pacific (there are no Pacific Ocean islands north of
Midway until the Aleutian Island chain at �52�N). Addi-
tionally, AERONET has operated long-term monitoring
sites at the southeastern end of the Hawaiian island chain
at the Mauna Loa Observatory (MLO) at �3400 m altitude
and near sea level on the island of Lanai. Although MLO
and Lanai are �200 km apart, this distance is small relative
to the �8000 km distance to the Asian continent, and
therefore we analyze the difference in AOD of these two
sites as being dominated by the difference in site altitude of
�3.4 km. Multiyear monthly means of ta500 for the years
1997–2003 for months when data were available at both
sites is shown in Figure 7. The resultant averages are
computed from 3 to 6 years of data per month, since data
were missing for some months of some years at Lanai. The
obvious seasonal trend is a distinct increase in ta500 in
March through May at both sites. The months of July
through January exhibit relatively little variability of ta500.
It is noted that since MLO is the AERONET calibration site,
the reference instrument data there is of high accuracy,
�0.003 at 500 nm, while at Lanai (an AERONET field site
instrument) the accuracy is �0.015 [Eck et al., 1999;
Schmid et al., 1999]. For the Mauna Loa Observatory data,

Figure 5. Instantaneous values of a440–870 versus aerosol
optical depth at 500 nm at the Anmyon Island, South Korea,
site for October 1999 through March 2002 (8828 individual
observations shown).

Figure 6. Values of a0 (da/d lnl) computed from
instantaneous ta values at 380, 500, and 870 nm at Anmyon
Island, South Korea, as a function of aerosol optical depth
at 500 nm, for the same observation times as the data in
Figure 5 (October 1999 through March 2002).

D06202 ECK ET AL.: AEROSOL IN ASIA AND THE MID-PACIFIC

8 of 18

D06202



we average only the morning data from air mass 2 through 5
(<1.5 hour time interval) to obtain an estimate of the upper
tropospheric plus stratospheric aerosol only. Downslope
flow occurs during this time interval, as opposed to upslope
flow and convection from midmorning through the after-
noon that can bring marine boundary layer aerosols above
the station altitude [Dutton et al., 1994]. The stratospheric
volcanic aerosol contribution to ta from the Mount Pinatubo
eruption in June 1991 is insignificant after 1995 [Barnes
and Hoffman, 1997], hence the data shown here for MLO
for July through January may be considered as representa-
tive values of upper tropospheric plus stratospheric back-
ground ta500 in the tropical mid-Pacific (average of
�0.013). For the nonspring months of July–January at
Lanai the average total column ta500 (�0.067, for these
years) can be considered to be dominated by sea salt
[Smirnov et al., 2003], with ta500 below 3.4 km at Lanai
�0.054, being the truly maritime component of the total
column optical depth. Therefore, for the months of July–
January, �20% of the total column tropical mid-Pacific
aerosol optical depth is above 3.4 km altitude.
[22] Liu et al. [2003] analyzed the outflow of Asian

pollution over the Pacific Ocean and found maximum
carbon monoxide outflow in March–April due to frontal
lifting ahead of cold fronts in China and additionally due to
deep convection over biomass burning regions of Southeast
Asia during the peak burning months. As noted previously,
these spring months are also the season of maximum desert
dust event frequency in Asia (see Figure 2b). From Figure 7
it is seen that the three month March through May mean

ta500 at Lanai is �0.040 higher than the July through
January mean, while at MLO the March–May mean is
�0.014 higher than the July–January mean. Therefore
�35% of the total column enhancement in spring is due
to aerosol above 3.4 km altitude in the mid-Pacific at
�20�N.
[23] Monthly means of ta500 for the three Hawaiian island

sites, including Midway, in 2001 are shown in Figure 8. In
this year the spring peak in ta500 is also obvious but is of
somewhat longer duration at MLO than the long-term mean
(Figure 7), with the highest monthly means occurring
between February and June. Similar to MLO, the ta500 at
Lanai in 2001 also shows a broader spring peak than for the
multiyear average. The spring enhancement near sea level at
Midway is much greater than that observed at Lanai
primarily due to Midway being located �7.5� farther north
in latitude and also �2000 km closer to Asia. The April
monthly mean ta500 at Midway was 0.21 in 2001 with daily
average values as high as 0.41 (a440–870 was 0.45 on this
peak day, April 24, 2001). High ta500 days in April 2001 at
Midway were associated with transport trajectories from
dust regions in northern China and Mongolia as determined
by the Hybrid Single Particle Lagrangian Integrated Trajec-
tory (HYSPLIT) model (http://www.arl.noaa..gov/ready/
hysplit). Liu et al. [2003] show that zonal transport from
Asia to mid-Pacific strengthens as latitude increases from
�20�N to �30�N in the spring months. Surface air sam-
pling measurements at Midway of components of both
anthropogenic pollution and soil dust aerosols by Prospero
et al. [2003] also show a marked maximum in spring, from
long-term monitoring over a 20-year interval. Monthly
average wind speeds at both Lanai and Midway in 2001
show no seasonal trend (average speed in spring differs by
less than 1 m/sec compared to nonspring months) therefore

Figure 7. Monthly means of ta500 for the Lanai and
Mauna Loa Observatory sites (both in Hawaii, �200 km
apart). Means were computed only from months where both
sites had measurements, resulting in a range of 3–6 years of
data averaged for each month, from the 1997–2003 time
interval. For the Mauna Loa Observatory site only data from
air mass 2 to 5 in the morning (when there typically is
descending flow) were utilized to compute daily means in
order to attempt to characterize the ta500 of the upper
tropospheric plus stratospheric aerosol only. For the Lanai
site, data from the compete diurnal cycle were utilized to
compute daily means.

Figure 8. Monthly means of ta500 for the Midway, Lanai,
and Mauna Loa Observatory sites in 2001 (all in the
Hawaiian Island chain). For the Mauna Loa Observatory
site only data from air mass 2 to 5 in the morning were
utilized to compute daily means, while for the other two
sites data from the entire diurnal cycle were utilized.
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the observed enhanced sea salt ta500 associated with higher
wind speeds at Midway [Smirnov et al., 2003] does not
contribute to the higher spring ta500 measured at these sites.
Both GOCART model and MODIS satellite measurements
of monthly mean ta at Midway in April 2001 showed
differences of �0.06 with AERONET measurements [Chin
et al., 2004], with GOCART lower and MODIS higher than
AERONET. Monthly mean AERONET ta500 at both Mid-
way and Lanai are nearly equal (Dta500 < 0.01) from July
through December (Figure 8) suggesting that a large area of
the tropical to subtropical mid-Pacific has relatively homo-
geneous ta in the nonspring months when Asian aerosol
transport does not affect the region.

3.2. Aerosol Size Distributions

[24] Due to the pervasive presence of complex aerosol
mixtures in central Asia, there are often various combina-
tions of both dominantly spherical shape particles (pollu-
tion) and distinctly nonspherical particles characteristic of

airborne soil dust. Since the particle size distributions
retrieved by AERONET are largely determined by the
angular distribution of sky radiances (and additionally from
ta spectra), the scattering characteristics of nonspherical
particles need to be accounted for in the size distribution
retrievals. The particle shape assumption that we utilize in
the retrievals presented in this study is spheroid with a fixed
aspect ratio distribution [Dubovik et al., 2002b]. Although
this assumption is a simplification of the actual particle
shapes of desert dust (scanning electron micrographs show
complex shapes [Reid et al., 2003]) the spheroid particle
assumption accounts for most of the observed features of
nonspherical dust scattering [Dubovik et al., 2002a, 2002b].
[25] Examples of size distribution retrievals from the

Dubovik and King [2000] algorithm comparing the influ-
ence of assumed particle shape (spherical and spheroid) are
shown in Figure 9. These are retrievals made from Cimel
Sun/sky radiometer data acquired at the Beijing site for
various types of aerosol mixtures (fine versus coarse mode

Figure 9. Comparisons of aerosol size distribution retrievals resulting from two different assumptions
of particle shape, spherical particle shape versus spheroid particle shape (with a fixed aspect ratio
distribution). Four cases are shown from Beijing data: (a) on April 16, 2001, with moderate ta and low
a440–870, (b) on April 8, 2001, with very high ta and low a440–870, (c) on June 3, 2002, with high ta and
moderate a440–870, and (d) on March 12, 2001, with high ta and high a440–870.
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relative contributions). In Figure 9a are shown retrievals
from April 16, 2001, where coarse mode aerosol is domi-
nant, a440–870 = 0.71 and ta440 = 0.69. For this type of
coarse mode (and nonspherical) dominated case the assump-
tion of spherical particles yields a false fine mode peak of
very small particles [Dubovik et al., 2000, 2002a, 2002b],
and additionally a large wavelength dependence of the real
refractive index (not shown). The false fine mode results
from the phase function in the middle scattering angle range
(70�–150�) being greater for spheroids than for spheres, thus
forcing the occurrence of false fine mode particles when
spherical shape is assumed [Dubovik et al., 2000]. The
assumption of spheroid shaped particles essentially elimi-
nates the false fine mode, yet retains a fine mode component
of somewhat larger particle size, consistent with the
Angstrom exponent of 0.71. Figure 9b shows a case from
April 8, 2001, with similar Angstrom exponent (a440–870 =
0.66) but with much higher aerosol loading, ta440 = 2.84.
Here we see that the spherical particle assumption did not
result in a false fine mode peak of very small particles, in
this case since multiple scattering in the optically thick
aerosol layer minimized the nonspherical scattering effects.
The spheroid shape assumption did however result in
reduced bimodality of the coarse mode relative to the
spherical particle assumption. A case with significantly
more fine mode aerosol present is shown in Figure 9c
where a440–870 = 1.17 and ta440 = 1.23. Here the main
difference between the spherical and spheroid shape
assumption retrievals is the shift in fine mode particle size
to larger sizes in the spheroid retrieval due to the influence of
a false fine mode anomaly in the spherical assumption
retrieval resulting from the nonspherical scattering effects
of the coarse mode particles (similar to Figure 9a). In
Figure 9d we show the comparison of retrievals for a strongly
dominated fine mode aerosol case, a440–870 = 1.48 and
ta440 = 1.56. Here there is little difference in the retrievals,
especially for the fine mode particles. This demonstrates

that there is relatively little sensitivity to particle shape in
the retrievals for fine mode particle scattering [Dubovik et
al., 2002a, 2002b]. Therefore we utilize the spheroid
particle assumption retrievals for all cases since artifacts
from nonspherical coarse particle scattering are minimized
and the integrity of the fine mode retrievals is maintained.
[26] In our investigation of the retrievals of aerosol size

distributions, we have chosen to separate observations that
are dominated by coarse mode aerosols (desert dust) from
those dominated by fine mode particles (predominately
pollution, but sometimes also biomass burning aerosols).
We have analyzed the relationship between Angstrom
exponent and ta fine mode fraction (taFine/taTotal) in order
to stratify the data. Fine and coarse mode optical depths
were computed from the retrieved size distributions and
refractive indices, with particles of volume radius <0.6 mm
being identified as fine mode and with radius >0.6 mm as
being coarse mode particles.
[27] The relationship between fine mode fraction of

optical depth and a440 – 870 for more than 2 years of
observations at Anmyon Island, South Korea is shown in
Figure 10. Fine mode fraction of ta at a fixed a value varies
strongly as a function of wavelength since fine mode
particles (peak radius ranging from �0.12 to 0.30 mm)
scatter light most effectively at wavelengths similar to
particle size, and are much less effective light scatters when
wavelength is significantly longer than particle size. We
have selected as a threshold a440–870 = 0.75 to separate fine
versus coarse mode dominated aerosol cases since fine
mode fraction at 675 nm is �50% at this value. The
675 nm wavelength was chosen since it is nearly in the
center of the total downwelling shortwave solar spectrum,
with �50% of the energy falling either above or below this
wavelength. As Angstrom exponent increases, especially
>0.9, there is much greater scatter in the fine mode fraction
for a given a440–870 value. This is largely the result of
differences in fine mode particle size and the reduction in a
magnitude as fine mode particles grow from aging and/or
hygroscopic growth [Reid et al., 1999; Eck et al., 2001,
2003a].
[28] Aerosol size distribution retrievals for cases with

ta440 > 0.4 that are predominantly fine mode (a440–870 >
0.75) at Anmyon Island for more than two years of data are
shown in Figure 11. The data were further stratified by the
magnitude of aerosol optical depth with an average of
30 individual almucantar scan retrievals averaged for each
of eight ta440 bins, ranging from 0.41 to 1.32. The average
a440–870 for each of these eight bins averaged from 1.11 to
1.25, thus implying an average fine mode fraction at 675 nm
ranging from �70 to 80% (Figure 10). Fine mode particle
size was observed to steadily increase as ta increased in
both the modal maximum value and expansion of the fine
mode boundary towards larger radius while the boundary on
the small particle side of the fine mode was relatively
constant. The peak modal volume radius of the highest fine
mode optical depth cases observed (mean ta440 = 1.32) was
�0.25 mm with a440–870 = 1.11, and fine mode fraction of
ta at 675 nm of �90%. These are very large fine mode
particles, similar in size to pollution aerosol for the U.S.
mid-Atlantic region at high optical depth [Dubovik et al.,
2002a] and for aged smoke transported from peat fires in
Russia [Eck et al., 2003a]. As previously mentioned in

Figure 10. The fine mode fraction of aerosol optical depth
at four wavelengths as a function of Angstrom exponent
(a440–870) at Anmyon Island, South Korea, for October
1999 through March 2002, for almucantar retrievals when
ta440 > 0.40.
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relation to analysis of the Angstrom exponent (Figure 5),
this tendency towards larger size fine mode particles at
higher ta is likely due to increasing rates of coagulation as
ta (and therefore concentration) increases [Reid et al.,
1998], and also due to hygroscopic growth at higher RH
as a result of the presence of certain aerosol species such as
sulfates, which are produced in coal combustion. For the
coarse mode, there is no systematic trend in particle size as a
function of ta, and mean maximum radius of the volume
distribution is �2.5 mm.

[29] The size distributions for the coarse mode desert dust
dominated cases (a440–870 < 0.75) for Anmyon Island are
shown in Figure 12. Many fewer cases occurred at low
a440–870 (see Figure 10) resulting in each of the five ta bins
containing an average of only 7 individual almucantar scan
retrievals. The mean a440–870 for each of the five bins
ranged from 0.48 to 0.63. The volume median radius of the
coarse mode ranged from �2.1 to 2.9 mm with geometric
standard deviation of �1.75 to 1.80 with no trend in either
as a function of ta. This compares to coarse mode param-
eters from other desert dust source regions in the Sahara and
Saudi Arabia (also from AERONET retrievals) of volume
median radius ranging from �1.9 to 2.5 mm with geometric
standard deviation of �1.70 to 1.84 [Dubovik et al., 2002a].
Comparisons of coarse mode desert dust size distribution
retrievals from several in situ measurement techniques were
compared to retrievals from the Dubovik and King [2000]
algorithm for long-range transported Saharan dust [Reid et
al., 2003]. Reid et al. [2003] found a very large range in
volume median radius (radius varied from 1.25 to 4.5 mm)
from the various in situ measurement techniques (due to
various systematic biases for different techniques), with
AERONET retrieved size distributions showing an interme-
diate value in coarse mode particle size (radius �2.0 mm).
[30] Aerosol size distributions of the predominantly fine

mode ta cases (a440–870 > 0.75) for Beijing, China are
shown in Figure 13. As was also the case for Anmyon, the
size distribution in each of eight optical depth size bins is an
average of retrievals made from 31 individual almucanatar
scans. Also similar to Anmyon, the fine mode distributions
at Beijing showed a shift to larger size particles as the
aerosol optical depth increased. The fine mode particle size
at high ta at Beijing is not quite as large as at Anmyon
(especially at equal ta levels). For example, at ta440 = 0.68–
0.70 the peak fine modal radius at Beijing is �0.17 mm
while at Anmyon it is �0.20 mm, with a broader geometric
standard deviation at Beijing (1.70) than at Anmyon (1.61).

Figure 11. Aerosol volume size distributions at Anmyon
Island, South Korea, for predominately fine mode aerosol
optical depth cases (a440–870 > 0.75), with ta440 varying
from 0.41 to 1.32. Each size distribution is an average
computed from 30 individual almucantar scan retrievals.

Figure 12. Aerosol volume size distributions at Anmyon
Island, South Korea, for predominately coarse mode aerosol
optical depth cases (a440–870 < 0.75), with ta440 varying
from 0.42 to 1.09. Each size distribution is an average
computed from 7 individual almucantar scan retrievals.

Figure 13. Aerosol volume size distributions at Beijing,
China, for predominately fine mode aerosol optical depth
cases (a440–870 > 0.75), with ta440 varying from 0.46 to
2.59. Each size distribution is an average computed from
31 individual almucantar scan retrievals.
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This difference may possibly be the result of large daily
production of fresh (and therefore smaller) accumulation
mode particles in the city of Beijing and also possibly from
differences in particle growth through coagulation in some
cases of aerosol transport from China to the Anmyon Island
site. Additionally, hygroscopic particle growth may be
greater at Anmyon when aerosol is transported over the
Yellow Sea to the site, thus resulting in higher relative
humidity and also possibly adding some strongly hygro-
scopic sea salt to the aerosol mixture. The coarse particle
mode at Beijing associated with the predominantly fine
mode ta cases (Figure 13) shows little dynamic change as a
function of ta (similar to Anmyon) but with a suggestion of
some bimodality within the coarse mode that was not
present at Anmyon. The coarse mode ta dominated cases
(a440–870 < 0.75) of desert dust aerosol for Beijing shown in
Figure 14, are computed from a far fewer number of
almucantar scans (8 per ta bin) than the fine mode, due to
dust dominated cases being present mainly in the spring
while fine mode dominated cases are present year round.
Similar to the coarse mode associated with the fine mode
dominated cases in Beijing, the desert dust coarse mode
cases exhibit bimodality not present in the Amnyon retriev-
als for dust cases. The reasons for these differences in the
coarse mode size distributions between these two sites are
unknown.

3.3. Single Scattering Albedo

[31] Single scattering albedo retrievals assuming spheri-
cal or spheroid particle shape are compared for four case
studies at differing Angstrom exponent and ta levels in
Figure 15. The spectral variation of aerosol single scattering
albedo for these four specific cases in Beijing correspond to
the size distribution retrievals from the same almucantar
scans presented in Figure 9. As seen in Figure 15, the
retrieval of w0 varies little (typically < 0.01) as a result of
the two different particle shape assumptions, consistent with

the expected influence of particle shape on w0 retrieval
[Mishchenko et al., 1997; Dubovik et al., 2002b]. The
decrease in slope of w0 with wavelength as Angstrom
exponent decreases (increasing coarse mode fraction) is
consistent with the changes in spectral w0 observed at
Bahrain in the Persian Gulf [Smirnov et al., 2002] as a
result of the variation in relative influence of fine mode
pollution versus coarse mode desert dust. Spectral depen-
dence of w0 in fine mode dominated aerosol (high Angstrom
exponent) exhibits decreasing w0 as wavelength increases
partly due to the relatively constant imaginary index
of refraction of black carbon (the principal absorbing
component in the fine mode) as a function of wavelength
[Bergstrom et al., 2002; Eck et al., 2003b].
[32] The spectral w0 of the predominately fine mode ta

cases (a440–870 > 0.75) for the Anmyon Island site, for the
same data corresponding to the size distribution retrievals in
Figure 11, are shown in Figure 16. There was no trend in w0

as a function of ta observed in the data and relatively little
variability in w0, �0.02 in the visible and <0.04 in the
infrared. Values of w0 in the midvisible (550nm; from
interpolation between 440 and 675 nm data) at Anmyon
ranged from �0.92 to 0.94, which is very similar to the
w0550 measured in polluted air masses during ACE-Asia
(spring 2001) from shipboard in situ measurements near
Korea and Japan, where w0 was 0.94 ± 0.03 at ambient
relative humidity [Carrico et al., 2003]. In situ measure-
ments from both aircraft and ship of fine mode (pollution)
aerosol off the coasts of Korea and Japan during ACE-Asia
showed that the pollution aerosol was moderately to strongly
hygroscopic [Anderson et al., 2003; Carrico et al., 2003].
As mentioned previously, the increase in particle size as ta
increased at Anmyon Island may have had a contribution

Figure 14. Aerosol volume size distributions at Beijing,
China, for predominately coarse mode aerosol optical depth
cases (a440–870 < 0.75), with ta440 varying from 0.47 to
2.55. Each size distribution is an average computed from
8 individual almucantar scan retrievals.

Figure 15. Comparisons of single scattering albedo
retrievals resulting from two different assumptions of
particle shape, spherical particle shape versus spheroid
particle shape (with a fixed aspect ratio distribution). These
four cases of Beijing data correspond to the same cases
shown in Figure 9 for the size distributions.
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from hygroscopic particle growth, however the lack of trend
in w0 or imaginary refractive index as a function of ta,
suggests that relative humidity does not strongly influence
column-integrated w0 at this site or perhaps a combination
of factors results in a lack of observed trend. In contrast,
single scattering albedo measured at the surface (ship-
board) in spring 2001 during ACE-Asia showed a strong
correlation with surface relative humidity [Markowicz et al.,
2003].
[33] Single scattering albedo retrieved at Beijing, as a

function of ta for predominately fine mode aerosol
(a440–870 > 0.75) from the same almucantar scans as the
size distributions given in Figure 13, are shown in Figure 17.
The w0 values at Beijing are lower than at Anmyon,
especially in the visible, possibly due to the maritime
influence (Yellow Sea) of sea salt aerosol and higher relative
humidity at Anmyon, and also possibly due to aging of
aerosols that are transported over the sea from China to
Anmyon. Another possible factor in these differences is that
fine mode pollution produced in Beijing may be more
absorbing than pollution from sources in South Korea, due
to differences in fuel types, combustion methods, and
pollution control technology. A distinct trend of increasing
w0 (at all wavelengths) as ta440 increased was observed at
Beijing. This results from a combination of increasing fine
mode particle size as ta increased (Figure 13) coupled with
decreasing imaginary refractive index, from �0.016 at
ta440 � 0.5 to �0.012 at ta440 � 2.5. These trends in
particle size, and imaginary refractive index are consistent
with possible hygroscopic growth but also with other
possible aerosol aging mechanisms such as gas-to-particle
conversion, condensation, and coagulation. The magnitude

of this w0 trend is significant with a range of �0.05 over a
range of ta440 from �0.5 to �2.6.
[34] A comparison of spectral w0 for fine mode dominated

cases (a440–870 > 0.75) for four sites, Anmyon, Beijing,
Shirahama, and Yulin is presented in Figure 18. Shown are
average w0 computed for all almucanatr scans when ta440 >
0.40. The two continental Chinese sites of Yulin and Beijing
show similar w0 values, within �0.01 at most wavelengths.

Figure 16. Aerosol single scattering albedo at Anmyon
Island, South Korea, for predominately fine mode aerosol
optical depth cases (a440–870 > 0.75), with ta440 varying
from 0.41 to 1.32. Each w0 is an average computed from
30 individual almucantar scan retrievals. These w0 retrievals
correspond to the same cases shown in Figure 11 for the size
distributions.

Figure 17. Aerosol single scattering albedo at Beijing,
China, for predominately fine mode aerosol optical depth
cases (a440–870 > 0.75), with ta440 varying from 0.46 to
2.59. Each w0 is an average computed from 31 individual
almucantar scan retrievals. These w0 retrievals correspond to
the same cases shown in Figure 13 for the size distributions.

Figure 18. Comparison of aerosol single scattering albedo
at four sites (Anmyon, Beijing, Shirahama, and Yulin) for
predominately fine mode aerosol optical depth cases
(a440–870 > 0.75). The mean of all cases where ta440 >
0.40 at each site are shown.
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The two coastal sites (Anmyon and Shirahama) further east
in South Korea and Japan show similar values to each other
with Dw0 ranging from near zero to �0.02 at the 4 wave-
lengths, while exhibiting w0 that is �0.03 to �0.04 higher
than the two Chinese continental sites. In addition to the
factors discussed in the previous paragraph for differences
between Beijing and Anmyon pollution aerosol (relative
humidity, sea salt at coastal sites, aerosol aging during
transport, and fuel combustion differences) it is also noted
that both Chinese sites are urban centers with Beijing a
mega-city of �14 million and Yulin a major Chinese coal
production center. In contrast the coastal sites of Shirahama,
Japan and Anmyon, Island, South Korea are relatively rural
with much lower local population density and less local
industry.
[35] The spectral single scattering albedo of Beijing and

Anmyon for fine mode dominated cases are compared to
values retrieved at AERONET sites located in other global
urban centers, and also regions affected by transport of
pollution primarily from fossil fuel combustion (Maldives),
in Figure 19. The w0 data for the sites in Mexico City, Paris
(Creteil site, a suburb), Washington, D. C. (GSFC site is
located in a suburb of Washington, D. C.), and Maldives
(Kaashidhoo) are from Table 1 of Dubovik et al. [2002a].
The data shown in Figure 19 are averages for each site from
almucantar scans where ta440 > 0.40, and additionally for
Beijing and Anmyon only for cases where a440–870 > 0.75
to exclude desert dust aerosol events (the other urban/
pollution sites are not subjected to dust dominated events
with high ta). The spectral w0 for the urban/industrial

pollution aerosol are nearly equal between Beijing, Mexico
City, and Maldives at 440 and 675 nm, while divergence
exists in the near infrared wavelengths, because the spectral
dependence is less at Beijing than at Mexico City and
Maldives. The lower spectral dependence of w0 at Beijing
relative to the other two highly absorbing sites is due to the
larger contribution of coarse mode particles at Beijing thus
increasing the relative scattering contribution at longer
wavelengths. As discussed in further detail in Dubovik et
al. [2002a], the variability in aerosol absorption in urban
regions results from a variety of factors including differ-
ences in fuel types, emission conditions, long-range trans-
port or aging, and meteorological conditions. The strong
absorption in the visible wavelengths in Beijing, Mexico
City, and Maldives is due to relatively high concentrations
of soot or black carbon in the aerosol. The relatively low
absorption of the aerosol in Washington, D. C., in the
summer months (the only months where ta440 > 0.40 events
are common) is a result of lower concentrations of black
carbon in combination with water-soluble aerosol at
higher relative humidity that results in fine mode particle
growth and an increase in light scattering coefficient
[Kotchenruther and Hobbs, 1998]. Aerosol absorption
adjacent to the Yellow Sea (Anmyon) is significantly less
absorbing than over the Arabian Sea AERONET site
(Maldives). Similarly, in situ aerosol absorption measure-
ments at the surface during ACE-Asia over the Sea of
Japan showed less absorption than over the Arabian Sea
during the INDOEX campaign in 1999 [Markowicz et al.,
2003; Ramanathan et al., 2001].
[36] A comparison of desert dust single scattering albedo

from data collected in the spring of 2001 at Dunhuang
(China), Beijing, and Anmyon is shown in Figure 20. Also

Figure 19. Comparison of aerosol single scattering albedo
at urban/industrial pollution sites in the AERONET
network. The data for Beijing and Anmyon are for cases
where a440–870 > 0.75, in order to characterize pollution
aerosol. The mean of all cases where ta440 > 0.40 at each
site are shown. The data for Washington, D. C. (GSFC),
Paris (Creteil), and Mexico City are from Table 1 in
Dubovik et al. [2002a].

Figure 20. Comparison of aerosol single scattering albedo
for dust cases (a440–870 < 0.75) at three Asian sites in spring
2001: Dunhuang, Beijing, and Anmyon. Also shown are
data from Table 1 in Dubovik et al. [2002a] for three other
dust-dominated sites in the AERONET network: Bahrain,
Saudi Arabia, and Cape Verde.
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shown in this figure are the spectral w0 at other globally
distributed AERONET sites dominated by dust aerosol as
presented in Table 1 of Dubovik et al. [2002a]. All of the
desert dust spectra presented in Figure 20 are from measure-
ments at high aerosol optical depth (>0.4 at 1020 nm).
However, it is noted that there were only 7 good almucantar
scans for Dunhuang and only 6 for Anmyon Island in
2001, while Beijing had a much more robust sample of
29 almucantars. The airborne soil dust measured at
Dunhuang is relatively close (�550 km east) to the major
source region of the Taklamakan Desert basin. The spectral
w0 measured at Dunhuang are similar to that of Saharan dust
measured at Cape Verde for the 675, 870, and 1020 nm
wavelengths, but the dust at Dunhuang exhibits less spectral
decrease from 675 to 440 nm, possibly due to a lesser iron
content in the dust at Dunhuang [Sokolik and Toon, 1999].
The w0 spectra at Anmyon and Beijing exhibit similar
wavelength dependence as observed at Dunhuang but at a
lower magnitude, with Beijing (the more polluted site)
having the lowest w0. This suggests that possibly these
differences in w0 for the three Asian AERONET sites may
be due to dust interaction with pollution, thereby increasing
the aerosol absorption [Huebert et al., 2003]. However, there
are additional dust sources between the Taklamakan Desert
and Beijing (southern Gobi, inner Mongolia, and Mu Us
desert); therefore it is possible that dust from these source
regions have different absorption properties than from the
Taklamakan region. During ACE-Asia in spring 2001,
aircraft sampling near Korea and Japan often encountered
pure dust in elevated layers, and measurements of dust
characterized by coarse mode size and a dust-like chemical
signature yielded a mean midvisible (�550 nm) w0 of �0.96
[Anderson et al., 2003]. This value is similar in magnitude
to the midvisible w0 of �0.97 retrieved from AERONET
measurements in Dunhuang, China, and �0.95 at Anmyon,
South Korea also in spring 2001 (Figure 20).

[37] Desert dust spectral single scattering albedo (mea-
surements where a440–870 < 0.75) for Beijing in 2001 and
for Yulin in 2002 are shown in Figure 21, for retrievals
where ta1020 > 0.40. The means of w0 shown are from
29 almucantar scans in Beijing and 24 scans in Yulin.
Although these data are from different years, this compari-
son suggests that the coarse mode dominated aerosol cases in
both sites (mean a440–870 = 0.38 for Beijing and = 0.13 for
Yulin) have nearly equal single scattering albedo from 675 to
1020 nm, and are nearly constant at �0.94. The difference
between these two sites at 440 nm of �0.025 may be due
to several factors, including possible differences in dust
optical properties from a different combination of source
regions in different years and possible differences in local
fine mode pollution that may interact with the desert dust
aerosol, as also suggested by Alfaro et al. [2003].

4. Summary and Conclusions

[38] Analysis of spectral aerosol optical depths and
AERONET inversion retrievals of column integrated aero-
sol optical properties over the entire annual cycle were
performed for several sites in central eastern Asia and the
tropical mid-Pacific (Hawaiian Island chain).
[39] 1. Multiyear monitoring at four Asian sites (Shira-

hama, Japan; Anmyon Island, South Korea; Beijing, China;
Dalanzadgad, Mongolia) show an extremely wide range in
aerosol loading, from a yearly mean ta500 of 0.77 at Beijing
(city center) to 0.12 at a rural site in southern Mongolia
(Dalanzadgad). The annual cycle of monthly mean ta500 at
most of these sites suggest a general spring and/or summer
maximum and a minimum in winter, although continued
monitoring is needed in order to more accurately character-
ize the annual cycle since only �2 years of data has been
collected at some of these sites.
[40] 2. The annual cycle of monthly mean Angstrom

wavelength exponent (a440–870) at these same four Asian
sites show minimum values in spring (March–May) during
this season of maximum dust storm activity. However, the
monthly mean minimums of a440–870 for all months at all of
these sites exceed �0.80 even in spring, therefore suggest-
ing that while desert dust contributions to total aerosol
optical depth are significant, fine mode pollution aerosol
contributes more to the optical depth during the entire year
at these locations. However, for a site west of Beijing in a
more arid region and downwind of major dust sources
(Yulin, China), the Angstrom exponent ranged between
0.3 and 0.4 in March and April of 2002, thus dust aerosol
strongly dominated the optical depth in spring 2002 in this
location.
[41] 3. Multiyear monitoring of aerosol optical depth in

the tropical mid-Pacific shows a strong maximum in
March–May due to transport of aerosol from Asia eastward
in that season. Measurements made at Mauna Loa Obser-
vatory at 3.4 km altitude and at Lanai near sea level
(�200 km apart but >8000 km from the Asian sources)
suggest that �35% of the springtime enhancement in ta500
is from aerosol above 3.4 km altitude. In 2001, the spring-
time peak ta500 in April at near sea level in Midway was
�0.21, nearly twice as high as at Lanai (�0.11) since
Midway is �7.5� farther north in latitude and therefore in
a zone of stronger eastward transport and also �2000 km

Figure 21. Comparison of aerosol single scattering albedo
for dust cases (a440–870 < 0.75) in Beijing in 2001 and in
Yulin, China, in 2002.
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closer to Asia than Lanai. In the nonspring months of July–
December 2001 the ta500 at Midway and Lanai were nearly
equal (Dta500 < 0.01).
[42] 4. Column integrated volume size distributions for

predominately fine mode aerosol cases (a440–870 > 0.75) at
both Beijing and Anmyon Island exhibited shifts in accu-
mulation mode particle size towards larger particles as ta
increased. The fine mode particle size at high ta at Beijing
was not quite as large as at Anmyon, at equal ta levels. This
may possibly be the result of large daily production of fresh
(and therefore smaller) accumulation mode particles in
Beijing and also possibly from particle growth through
coagulation in cases of aerosol transport from China to
the Anmyon site. Additionally, hygroscopic particle growth
may be greater at Anmyon due to higher relative humidity
when aerosol is transported over the Yellow Sea to the site.
[43] 5. The average aerosol single scattering albedo for

fine mode aerosol dominated cases (a440–870 > 0.75) was
similar for two continental sites in China that are in semiarid
environments (Yulin and Beijing). The average midvisible
(550 nm) w0 at these two urban sites was �0.89. This
compares to a mean w0 at 550 nm at two relatively rural
coastal sites in Japan and South Korea (Shirahama and
Anmyon) of �0.93, again similar at both sites. These
differences in absorption between continental urban and
coastal rural region pollution aerosol may result from a
combination of factors including relative humidity differ-
ences, aerosol aging during transport, sea salt at coastal
sites, and fuel combustion differences (of both fuel types
and combustion technology) in the two regions. Compari-
son of w0 retrieved for Beijing for pollution dominated cases
to other major urban centers where AERONET monitoring
has occurred (Washington, D. C., Paris, and Mexico City)
show the Beijing aerosol to be much more absorbing than in
either Washington, D. C., or Paris, but similar to Mexico
City. This suggests a much greater contribution of soot or
black carbon in the aerosol composition of both Beijing and
Mexico City.
[44] 6. Comparison of the single scattering albedo of dust

(a440–870 < 0.75) at the Asian sites of Dunhuang, China in
the western desert source region, Beijing, and Anmyon,
South Korea in the spring of 2001 showed very similar
spectral dependence at all three sites however the w0 at
Dunhuang was �0.04 higher than at Beijing at all wave-
lengths from 440 to 1020 nm, while Anmyon was interme-
diate in magnitude. This suggests the possible interaction of
fine mode pollution aerosol with the coarse mode dust since
Beijing has the highest pollution and the lowest dust aerosol
w0. However, other factors such as varying dust optical
properties from dust originating in different source regions
may also have contributed to the observed differences in
absorption.
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